We present near-and mid-infrared observations on the shock-cloud interaction region in the northern part of the supernova remnant HB21, performed with the InfraRed Camera (IRC) aboard AKARI satellite and the Wide InfraRed Camera (WIRC) at the Palomar 5 m telescope. The IRC 7 µm (S7), 11 µm (S11), and 15 µm (L15) band images and the WIRC H 2 υ = 1 → 0 S(1) 2.12 µm image show similar shock-cloud interaction features. We chose three representative regions, and analyzed their IRC emissions through comparison with H 2 line emissions of several shock models. The IRC colors are well explained by the thermal admixture model of H 2 gas-whose infinitesimal H 2 column density has a power-law relation with the temperature T , dN ∼ T −b dT -with n(H 2 ) ∼ 10 3 cm −3 , b ∼ 3, and N(H 2 ; T > 100 K) ∼ 3 × 10 20 cm −2 . The derived b value may be understood by a bow shock picture, whose shape is cycloidal (cuspy) rather than paraboloidal. However, this picture raises another issue that the bow shocks must reside within ∼ 0.01 pc size-scale, smaller than the theoretically expected. Instead, we conjectured a shocked clumpy interstellar medium picture, which may avoid the size-scale issue while explaining the similar model parameters. The observed H 2 υ = 1 → 0 S(1) intensities are a factor of ∼ 17 − 33 greater than the prediction from the power-law admixture model. This excess may be attributed to either an extra component of hot H 2 gas or to the effects of collisions with hydrogen atoms, omitted in our power-law admixture model, both of which would increase the population in the υ = 1 level of H 2 .
Introduction
Shock-cloud interactions in supernova remnants (SNRs) have been studied for their wide astrophysical importance, such as the followings. Firstly, we can study the physics and chemistry of molecular shocks (Draine et al. 1983; Hollenbach & McKee 1989) , to be used as a basis for interpreting astrophysical phenomena. Secondly, the evolution of shocked molecular clouds is closely related to the star formation occurring in them (Elmegreen & Elmegreen 1978; Vrba et al. 1987; Reynoso & Mangum 2001) . Lastly, the evolution of the SNRs interacting with molecular clouds is presumed to be significantly different from that of SNRs that do not interact with molecular clouds (e.g. Rho & Petre 1998; Shinn et al. 2007 ). In addition, SNR shocks may have a simpler configuration in their interaction region than do shocks in outflows, since the latter can be generated by a diverse range of bullets, clumps, and/or winds (cf. Fig. 11 in Hollenbach et al. 1989) . Hence, SNRs provide geometrically simpler conditions to study the shock-cloud interaction.
The shock-cloud interaction manifests itself through radiative means (Draine & McKee 1993; Wardle & Yusef-Zadeh 2002) : high-velocity wings on low-J CO rotational lines (e.g. Koo & Moon 1997; Koo et al. 2001) ; high-J CO rotational lines and OH rotational lines in the far-infrared (e.g. Watson et al. 1985; Melnick et al. 1987) ; radio maser lines of OH (e.g. Frail et al. 1994) ; and infrared emission lines of H 2 (e.g. Neufeld et al. 2007) . Among these, the infrared emission lines of H 2 are useful in studying the excitation condition of shocks, since H 2 is the most abundant molecule in interstellar clouds (Snow & McCall 2006) and the lines, originating from quadrupole transition, are optically thin and closely spaced through ∼ 1 − 30 µm. In addition, high resolution imaging is easier for H 2 infrared emission lines, than for radio emission lines.
Infrared H 2 emission lines have been frequently observed in SNRs interacting with nearby clouds. One noticeable common result is that the H 2 level-population diagram shows an ankle-like curve (cf. Fig. 1 ) in the range of energy levels, 0 − 25, 000 K (Oliva et al. 1990; Richter et al. 1995a,b; Rho et al. 2001; Neufeld & Yuan 2008; see Fig. 7a in Rho et al. 2001 for the ankle-like curve), which has been usually interpreted as a population of twotemperature (∼ 10 2 and ∼ 10 3 K) H 2 gas in Local Thermodynamic Equilibrium (LTE). Such a population cannot be explained by a single planar shock model (e.g. Table 2 of Wilgenbus et al. 2000) . Hence, several mechanisms have been proposed in order to explain this level population distribution, such as a partially dissociative J-shock (Brand et al. 1988; Burton et al. 1989; Moorhouse et al. 1991) , a bow shock (Smith et al. 1991) , and a nonstationary shock (Chieze et al. 1998; Cesarsky et al. 1999 ).
However, the interpretation of the H 2 population diagram is still under debate; for instance, even for the same target SNR, IC443, all the above three models were preferred by different authors (Richter et al. 1995a; Cesarsky et al. 1999; Neufeld & Yuan 2008) . One restriction that hinders a clear understanding of the H 2 population diagrams, and subsequently of the shock-cloud interaction, is that the observations hitherto performed were not able to resolve the interaction features sufficiently to distinguish their structures, such as planar shocks, bow shocks, shocked clumps etc. Our target SNR, G89.0+4.7 (conventionally known as HB21), provides an excellent example to study the shock-cloud interaction, avoiding this restriction, because of its large angular size and proximity.
HB21 is a large (∼ 120
′ × 90 ′ ), middle-aged (∼ 5000 − 7000 yr, Lazendic & Slane 2006; Byun et al. 2006) SNR, located at the distance of ∼ 0.8 − 1.7 kpc (Leahy 1987; Tatematsu et al. 1990; Byun et al. 2006) . It has been suspected of interacting with a molecular cloud, because of its deformed shell-like shape in the radio and the existence of nearby giant molecular clouds (Erkes & Dickel 1969; Huang & Thaddeus 1986; Tatematsu et al. 1990 ). Such an interaction was confirmed with the detection of broad CO emission lines near the edge and the center of the remnant Byun et al. 2006 ). This detection also supported the suggestion that the cloud evaporation might be responsible for the enhanced thermal X-rays in the central region (Leahy & Aschenbach 1996) .
We have obtained infrared images of two specific regions of the remnant, where the shock-cloud interaction is under way. The near-and mid-infrared band images (∼ 2 − 27 µm), obtained from two infrared cameras respectively onboard the AKARI satellite and the Palomar 5 m Hale telescope, show several shock-cloud interaction features. We derive their brightness ratios and analyze them on the basis of the H 2 emission model from shocked gas. We find that their infrared properties are well described by shocked H 2 gas with a power-law distribution of temperatures.
Observations
We observed two specific regions ("Cloud N" and "Cloud S" in Fig. 2) , where it is known that slow shocks ( 20 km s −1 ) propagate into clouds of density n(H 2 ) ∼ 10 3 cm −3 , with two different instruments: the InfraRed Camera (IRC, Onaka et al. 2007 ) aboard the AKARI satellite and the Wide-field InfraRed Camera (WIRC, Wilson et al. 2003) at the Palomar 5 m telescope. In this paper, we present the Cloud N data; the Cloud S data will be considered in a future paper. The details of the observations and the data reduction on the IRC and WIRC data are described separately below.
AKARI IRC observations
AKARI was designed for both imaging and spectroscopy in the infrared (Murakami et al. 2007) . It has two scientific instruments; one, the InfraRed Camera (IRC, Onaka et al. 2007) , covers 2-30 µm, and the other, the Far Infrared Surveyor (FIS, Kawada et al. 2007 ), covers 50-200 µm. AKARI has imaged HB21 several times in either pointing or scanning modes with the IRC and FIS. In this paper, we analyze the IRC pointing observation data.
The IRC pointing observations for Cloud N were performed at 2006 December 5-6 toward (RA, Dec) = (20:47:35.20, +51:12:07.00) in J2000. IRC comprises three channels (NIR, MIR-S, and MIR-L), and each of these has three broad-band filters for imaging. Among these, we employed six filters, two in each channel, for the observations (IRC02 mode, see Onaka et al. 2007 ). The wavelength coverage and the imaging resolution (Γ) are listed in Table 1 , together with the pixel sizes of the detector array in each channel.
All observational data were initially processed with the IRC Imaging Pipeline (v. 20070104 Lorente et al. 2007) . In this process, several instrumental corrections were made to the dithered images, with the corrected images then coadded. The instrumental corrections include a dark correction, a bad-pixel masking, a distortion correction, and flat-fielding (see Lorente et al. 2007 , for detail). We used the "self-dark," a dark image measured for each individual observation, rather than the "super-dark," a general dark-image periodically measured during the mission. Astrometric information was appended to the coadded images by matching the positions of field point-sources with those of 2MASS catalog sources (Skrutskie et al. 2006) ; the matching tolerance was 1.5 pixels. We used the most recent conversion factor, which converts the instrumental flux (ADU) to physical flux (Jy), as noted on the AKARI /IRC Data Reduction Support Page 1 at 2007 Dec 20. The systematic errors (∼ 2 − 5%) of the conversion factor are included in the error estimation.
For compatibility between the images from different bands, we equalized the pixel size and the spatial resolution. The images were resampled to have the same pixel-size (1 ′′ × 1 ′′ ), employing the public software SWARP 2 , and convolved with different Gaussian kernels to have the same spatial-resolution (≃ 7.43 ′′ ). Then, to enhance diffuse features, we removed point sources with DAOPHOT package (Stetson 1987) in IRAF; saturated point-sources were simply masked out. The final images of Cloud N are displayed in Figure 3 .
Palomar WIRC H 2 observations
We also carried out near-infrared imaging observations of Cloud N, centered at (RA, Dec) = (20:47:36.45, +51:11:42.41) in J2000, using the 2.12 µm narrow-band filter for the H 2 υ = 1 → 0 S (1) For the basic data reduction, we subtracted a dark and sky background from each individual dithered frame and then flat-fielded. We then combined the dithered frames to make the final image.
The astrometry solution was obtained by matching the positions of 14 field point-sources with those of 2MASS catalog sources. The positions were matched within ∼ 0.1 ′′ , which is smaller than the 2MASS systematic root-mean-square uncertainty of 0.15 ′′ . We calibrated the image by comparing the magnitude of the 14 field point-sources with the corresponding K s magnitude from the 2MASS catalog. The correlation coefficient and the ratio between the two magnitudes was 0.9930 and 1.047 ± 0.011, respectively. The systematic error (∼ 12%) of the calibration factor was included in the error estimation. The point sources were removed with DAOPHOT as done for the IRC images, and the full-width-at-half-maximum (FWHM) of the resultant point-spread-function is ∼ 1.2 ′′ . The final image for Cloud N is displayed in Figure 3 .
Results
The final images from the IRC and WIRC are displayed in Figure 3 , together with 1420 MHz radio continuum (Tatematsu et al. 1990 ) and 12 CO J = 2 → 1 230.583 GHz ) images for reference. The peak positions of the N1 and N2 clouds, where Koo et al. (2001) observed 12 CO J = 2 → 1 broad molecular lines, are indicated as crosses on all images.
Morphology
The IRC images show different features from band to band. Bands N3 and N4 are dominated by point sources, although N4 also shows a faint diffuse feature near the N2 cloud. Bands S7, S11, and L15 all show similar diffuse features over the observed field. Several filamentary feature are commonly seen: the large V-shaped feature around the N1 cloud; the short-and-horizontal features northward from the N1 cloud; the horizontal feature around the N2 cloud; the vertical feature southwestward from the N2 cloud. The last two features are also seen in the N4 band. Bands S7, S11, and L15 also manifest a clumpy feature at the west-end of the N2 cloud, which accompanies a cycloidal diffuse feature around it (cf. Fig. 4 ). The L24 band shows rather extended and diffuse features, which are different from the relatively sharp features seen in the S7, S11, and L15 bands; moreover, the bright regions in the L24 band do not overlap with the N1 and N2 clouds.
The WIRC H 2 υ = 1 → 0 S(1) image shows filamentary features, which are very similar with those seen in the IRC S7, S11, L15 bands; for example, the west side of the V-shaped feature around the N1 cloud, and the horizontal and vertical features near the N2 cloud. This similarity is more recognizable when we compare the WIRC image with the RGB color image made with S7 (blue), S11 (green), and L15 (red) (see Fig. 5 ). In this RGB image, the diffuse features commonly seen in the IRC S7, S11, L15 bands are more prominent; especially, the clumpy feature near the west-end of the N2 cloud is more identifiable. Also, the RGB image shows that the infrared "color" varies from red to blue across the image. The filamentary features seen in the WIRC image well follow the bluish features seen in the RGB image.
To quantify the similarity of the diffuse features commonly seen in the IRC S7, S11, L15 images and the WIRC H 2 υ = 1 → 0 S(1) image, we measured the correlation of the features. We sampled an area as outlined in Fig. 5 with a yellow polygon excluding yellow circles with a red slash, and made scatter plots between the IRC and the WIRC images (Fig. 6 ). Each point of the scatter plots corresponds to the mean intensity of an 8 ′′ × 8 ′′ region. As upperpanels of Figure 6 show, the correlation of S7-to-S11 (0.94) and S11-to-L15 (0.95) are very high, while that of S7-L15 (0.84) is relatively low, but still high. The correlations of the IRC images to the WIRC image vary from 0.63 to 0.78 (lower-panels of Fig. 6) ; the S7 image has the highest correlation, while the L15 image has the lowest. This is consistent with the above description that the filamentary features seen in the H 2 υ = 1 → 0 S(1) image well follow the bluish features seen in the RGB image. The positive y-intercepts indicate that the spatially-correlated diffuse features seen in the IRC images are put on some background. We removed these backgrounds during the intensity measurement of the diffuse feature, by subtracting the intensity of nearby regions (cf. § 3.2 and dashed-line boxes in Fig. 5 ).
Some of the features seen in the IRC and WIRC images contain geometrical relationships with the 12 CO J = 2 → 1 and 1420 MHz radio continuum images. The V-shaped feature overlaps with the U-shaped N1 cloud seen in the 12 CO J = 2 → 1 image, and its apex is located near the N1 cloud peak position. Westward from this apex, there is a bright region in 1420 MHz radio continuum. The horizontal feature around the N2 cloud well matches with the N2 cloud seen in the 12 CO J = 2 → 1 image, and the 1420 MHz radio image also shows a diffuse feature there. The clumpy feature at the west end of the N2 cloud also shows an isolated clumpy feature in the 12 CO J = 2 → 1 image, although it is rather vague because of the low spatial resolution of the CO image; no counter part of this feature is seen in the 1420 MHz image. Considering the northward propagation of the remnant (cf. Fig. 2 ) and the geometrical connections with the features seen in the CO and radio continuum images, the V-shaped feature around the N1 cloud and the horizontal feature around the N2 cloud appear to represent a bow shock and a blast wave, respectively. Similarly, the clumpy feature at the west end of the N2 cloud seems to be a shocked clump, considering the propagation direction of the remnant, together with the cycloidal diffuse feature surrounding the clumpy feature (cf. Fig. 5 ).
Quantitative Infrared Characteristics of the Shocked Gas
For the analysis of the shock-cloud interaction features, identified in the previous section, we first chose three representative regions for further examination. As the RGB image ( Fig. 5) shows, the interaction features have different colors from region to region, which means that their infrared characteristics vary. The three regions we chose are designated as follows: "N1wake," "N2front," and "N2clump" (see Fig. 5 ).
Then, we measured the intensity of these three regions in the IRC images by subtracting the background emission from nearby areas. Two background regions were carefully selected for each chosen region, excluding any diffuse filamentary features (see Fig. 5 ). To avoid any possible contamination from point sources, we also excluded these. The measured intensities and the derived color values (S7/S11 and S11/L15) are listed in Table 2 . The intensity in the WIRC H 2 υ = 1 → 0 S(1) image was also determined by subtracting the background emission from nearby areas. Additionally, it was extinction-corrected. Lee et al. (2001) estimated the foreground hydrogen nuclei column density, N(H)=N(H I)+2N (H 2 ), from the X-ray absorption toward the central region of HB21, and found N(H)= (3.5 ± 0.4) × 10 21 cm −2 . This N(H) corresponds to A 2.12µm ≃ 0.22 mag in the case of the "Milky Way, R v = 3.1" curve (Weingartner & Draine 2001; Draine 2003) . The tabulated H 2 υ = 1 → 0 S(1) intensities in Table 2 have been corrected to compensate for this amount of extinction. Table 2 shows that the N1wake is the brightest in the L15 band, while the N2clump and N2front are the brightest in the S11 band. The S7 intensity of the N1wake is below the 3-σ limit (cf . Fig. 3) ; we indicate its intensity as a 90% upper confidence limit. The colorcolor diagram of S11/L15 vs. S7/S11 (Fig. 7) reveals that each region has distinctive color properties: the N2front is the bluest, while the N1wake is the reddest. This color property is also well-recognizable from the RGB map (Fig. 5) . The H 2 υ = 1 → 0 S(1) intensity is the brightest at the N2front. The H 2 υ = 1 → 0 S(1) intensity of the N1wake is below the 3-σ limit, again, as in S7 band; its intensity was also indicated as a 90% upper confidence limit. From the colors and H 2 υ = 1 → 0 S(1) intensity of the selected regions, we deduce that the bluer the color is, the higher the H 2 υ = 1 → 0 S(1) intensity is.
Radiation Source of the Shock-Cloud Interaction Features Observed in the AKARI IRC Bands
Since IRC images are broad-band images, they may contain contributions from both continuum and line emission. Thus, to understand the observed infrared color ratios, we should first identify the radiation source which generates the shock-cloud interaction features observed in IRC S7, S11, and L15 bands. We consider that the emission lines of H 2 are the main source of the interaction features, based on the following arguments.
Firstly, the features seen in the IRC S7, S11, and L15 band images are similar to those seen in the Palomar WIRC H 2 υ = 1 → 0 S(1) image; the correlation is about 0.63 − 0.78 (cf. §3.1 and Fig. 6 ). This strongly suggests that H 2 emission is responsible for at least some of the features seen in the mid-infrared IRC bands. Secondly, a recent result supports this assertion. Neufeld et al. (2007) observed the shock-cloud interaction regions in several SNRs, and detected rotational lines of H 2 and HD, together with fine-structure lines of several atoms and ions. From their emission line maps, it was found that the emission lines show distinctive spatial distributions, categorized into five distinct groups. Among these groups, only the "lines of S and H 2 (J up > 2)" group spans the emission in the IRC S7, S11, L15 bands (∼ 5 − 20 µm), which suggests that only the emission lines in this group can generate the highly-correlated shock-cloud interaction features in the three IRC images (cf. upper-panels of Fig. 6 ). Among the emission lines belonging to this group, only H 2 lines fall within the three IRC bands themselves. Finally, the assertion is also theoretically supported. Kaufman & Neufeld (1996) numerically simulated slow C-type planar shocks (υ s = 10 − 40 km s −1 ), propagating into fully molecular gas of n(H 2 )= 10 4 − 10 6 cm −3 . According to their results, for a case similar to Cloud N (υ s = 20 km s −1 , n(H 2 )= 10 4 cm −3 ), H 2 lines are the dominant emission lines over the 5 − 20 µm spectral range.
We could consider other possible sources for the emission, such as fine structure ionic lines, thermal dust continuum, Polycyclic Aromatic Hydrocarbons (PAHs) bands, and synchrotron radiation (cf. Reach et al. 2006 ). However, these do not seem likely, as we discuss below.
Within the wavelength coverage of the IRC S7, S11, L15 bands, there are two ionic lines, [Ne II] 12.8 µm and [Ne III] 15.5 µm, whose emitter (Ne + , Ne 2+ ) have been observed in the shocked regions of SNRs (e.g. Raymond et al. 1997; Neufeld et al. 2007) . Although these lines cannot generate spatially-correlated features in the three IRC band images, they may contribute to the shock-cloud interaction features seen in S11 and L15 images. However, this does not seem likely because of their poor spatial-correlation with H 2 emissions, well correlated with the shock-cloud interaction features seen in the IRC bands (cf. lower panels of show negative spatial-correlations with H 2 (J up > 2) in three SNRs out of four, and the one exception shows a low correlation of ∼ 0.4 (Neufeld et al. 2007 ), lower than the correlations of S11 and L15 to H 2 υ = 1 → 0 S(1), 0.75 and 0.63 (cf. Fig. 6 ). Additionally, a shock of 80 km s −1 is required for Ne to be ionized (Hollenbach & McKee 1989) , whose velocity is far higher than the velocity derived from CO observations, ∼ 25 km s −1 . Hence, the contribution of [Ne II] and [Ne III] to the shock-cloud interaction features seen in the three IRC bands would be negligible.
In C-shocks, the grain temperature is below ∼50 K (Draine et al. 1983) , thus negligible thermal dust continuum is generated over the 5 − 20 µm range. Besides, below ∼ 50 K, thermal dust continuum increases toward 20 µm; hence, if significant thermal dust continuum were generated by the shocks, the IRC L24 image would also show the same shock-cloud interaction features as in the S7, S11, and L15 bands, considering the not-that-low sensitivity of the L24 band. (The L24 sensitivity in the IRC02 observation mode is nearly half of the L15 sensitivity, Onaka et al. 2007 .) This is not the case. Therefore, thermal dust continuum is not likely to generate the interaction features seen in the IRC S7, S11, and L15 images.
PAHs, thought to be formed by grain shattering in shocks (Jones et al. 1996) , show strong and broad band features at 3. 3, 6.2, 7.7, 8.6, 11.3, and 12.7 µm. However, they have not been observed in shocks (van Dishoeck 2004; Tielens 2008 ). This invisibility is attributed to the property that PAHs are heated slowly and cool efficiently, hence generate little excess emission above the background PAH emission (Tielens 2008) . Moreover, C-shocks of υ s 25 km s −1 are not strong enough to sputter refractory grain cores, like PAHs (Draine et al. 1983 ). Thus, we reject PAHs as a source for the shock-cloud interaction features.
Synchrotron radiation is unlikely, as well. Koo et al. (2001) derived a spectral index of α ≃ −0.28 (flux∝ ν −α ) with intensity I (ν = 325 MHz) ≃ 0.05 K ≃ 160 Jy sr −1 at Cloud N. If we extrapolate this intensity up to ∼ 10 µm, this corresponds to ∼ 7 Jy sr −1 . This is far less than the observed intensity of ∼ 10 5 Jy sr −1 (see Table 2 ).
Comparison to the H 2 Infrared Emission of Shock Models
Following the arguments in §4, we now compare the observed infrared characteristics of the shock-cloud interaction features, to that predicted for H 2 emission lines from various shock models.
C-Shock: Isothermal H 2 Gas
In the N1 and N2 clouds, slow C-type shocks (υ s 20 km s −1 ) were observed from the CO observation . Also, for a planar C-type shock, it is known that the shockheated gas can be approximated as an isothermal and isobaric slab of gas (Neufeld et al. 2006 ), in view of the H 2 excitation diagrams predicted for such shocks (e.g. Kaufman & Neufeld 1996; Wilgenbus et al. 2000) . Hence, we first calculate the expected IRC colors from the emission lines of isothermal H 2 gas.
For the model calculation, we follow Neufeld & Yuan's (2008) assumptions. They analyzed shock-cloud interaction features seen in Spitzer IRAC images based on H 2 infrared emission lines. We assume that the molecular gas consists of H 2 and He only and that the density of He, n(He), is proportional to the density of H 2 , n(H 2 ), with n(He)=0.2n(H 2 ). Then, we calculate the H 2 level populations in statistical equilibrium, only including the collisional excitation through H 2 -H 2 and H 2 -He collisions. The ortho-to-para ratio (OPR) of H 2 is assumed to be 3.0. Collisional excitation rates are obtained from Le Bourlot et al. (1999) , and other molecular data for H 2 were obtained from the database provided by a simulation code, CLOUDY (v07.02.01, Ferland et al. 1998 ). The effects of extinction are also included when modeling the IRC colors, with N(H)= 3.5 × 10 21 cm −2 , as in §3.2.
The modeled IRC colors from isothermal H 2 gas in statistical equilibrium are plotted as open circles (•) in Figure 7 , together with the observed IRC colors of the selected regions. Since pure rotational levels of H 2 have their shorter wavelength transitions at higher energy levels, the trajectory of the expected IRC colors moves from the lower-left corner to the upper-right corner as the temperature increases. Points for the same n(H 2 ) approach to the LTE value as n(H 2 ) increases. Figure 7 shows that isothermal H 2 gas cannot explain the observed IRC colors with any combination of density and temperature, although the N1wake may possibly originate from isothermal H 2 gas at T∼ 300 K, since its S7/S11 value is an upper limit. We also vary the OPR from 0.5 to 5, since the OPR is expected to be different from 3.0 in the interstellar clouds (Dalgarno et al. 1973; Flower & Watt 1984; Lacy et al. 1994 ) and possibly even in shocked gas (Timmermann 1998; Wilgenbus et al. 2000) . However, the observed IRC colors are not reproduced. The predicted IRC colors at the same temperature vary according to the adopted OPR; however, the locus of predicted IRC colors are not much different from the OPR=3.0 case, as shown in Figure 8 .
This disagreement is consistent with the well-known fact that the H 2 level population seen in shock-cloud interaction regions shows an ankle-like curve (cf. §1). The critical density of an H 2 line transition increases as the energy level of the upper state increases (cf. Le Bourlot et al. 1999 ); hence, an isothermal H 2 gas can only produce either a straight line (LTE) or a knee-like curve (non-LTE) in the population diagram (cf. Fig. 1 ), neither of which are observed.
The disagreement mentioned above is understandable for the N2clump, since it may possess a shock structure similar to a bow shock, in which the shock velocity is non-uniform. However, understanding this disagreement between the model and the observations is not straightforward for the N2front, since morphologically it looks like a planar shock from its elongated, uniform appearance, together with the northward propagation of the remnant (see Fig. 5 ). This suggests that another process is needed to understand the IRC colors of the N2front under the planar C-shock model. One possible explanation is the Wardle instability, which develops in C-shocks when an unstable balance between the magnetic force and the ion-neutral drag force breaks (Wardle 1990 ). However, it has been shown that this process results in a negligible curvature in the H 2 level population diagram (Neufeld & Stone 1997; Mac Low & Smith 1997) , contrary to the data.
C-Shock: Power-law Distribution of H 2 Gas Temperature
The observed IRC colors are not reproduced by the planar C-shock model, in which the shocked gas is isothermal (cf. §5.1). Hence, we model an admixture of H 2 gas with a temperature distribution. We assume a power-law distribution for the column density based on the temperature, dN = aT −b dT ; recently, Neufeld & Yuan (2008) found that this model well describes the infrared characteristics of the shock-cloud interaction in the SNR IC443, where H 2 emission lines are dominant. dN is the infinitesimal H 2 column density within the temperature range (T ,T + dT ), a is a constant related to the total H 2 column density, N(H 2 ), and b is the power-law index. We adopt a temperature range for the integration as (T min , T max )=(100 K, 4000 K). T min is set to be lower than Neufeld & Yuan's value of 300 K, since the AKARI IRC bands (S7, S11, L15) are sensitive to lower temperature H 2 gas than the Spitzer IRAC bands Neufeld & Yuan (2008) used, which only extends to 8 µm. T max is set as 4000 K, since H 2 gas rapidly dissociates above this temperature (e.g. Le Bourlot et al. 2002) . With these variables, a can be written as follows
, where N(H 2 ; T > 100 K) is a total column density of molecular hydrogen warmer than 100 K. The effect of extinction is also included, as for the isothermal H 2 gas case.
The modeled IRC colors for this case are plotted as filled circles (•) in Figure 7 . As is evident, the observed IRC color ratios can now be reproduced with a suitable combination of n(H 2 ) and b. Interestingly, both the N2clump and N2front have a similar b value, ∼ 3, with n(H 2 ) of ∼ 10 2 − 10 3 cm −3 . The column densities are found to be N(H 2 ; T > 100 K) ∼ 3 × 10 20 cm −2 . The derived parameters from the power-law admixture model are listed in Table 3 . For each set of parameters, the detail contributions of H 2 line emission to IRC bands are listed in Table 4 . The "Weight" column of Table 4 lists the weighting factor for each line in the IRC band contribution. For example, the S11 band intensity can be calculated as follows.
I S11 (H 2 ) MJy sr
As Table 4 shows, the pure-rotational H 2 emission lines are dominant in all IRC bands.
The derived parameters are similar to those previously determined towards several SNRs, where interaction with nearby molecular clouds is occurring. The derived n(H 2 ) at the N2front, n(H 2 )=(1.8
, is similar to the value, derived from Large Velocity Gradient analysis of CO data for HB21, n(H 2 )= 3.1 × 10 3 cm −3 by Koo et al. (2001) . From their Spitzer IRAC observation towards the SNR IC443, Neufeld & Yuan (2008) found that the IRAC color ratios were well explained with a range of power-law index b, 3.0-6.0. Our bvalues (∼ 3) fall into near the lower end of Neufeld & Yuan's range. Also, the column density we derive, N(H 2 ; T > 100 K) ∼ 3×10 20 cm −2 , is similar to N(H 2 ) towards shock-cloud interaction regions in four other SNRs (W44, W28, 3C391, and IC443), N(H 2 )= (2.8 − 8.9) × 10 20 cm −2 , which were determined from a two-temperature LTE fitting of pure-rotational H 2 spectra with varying OPRs (Neufeld et al. 2007) . From these three parameters derived (n(H 2 ), N(H 2 ; T > 100 K), and b), we also determined the model predictions for the H 2 υ = 1 → 0 S(1) intensities, and list these in Table 3 . However, we note that they are a factor of ∼ 17−33 smaller than those observed (see Table 2 ). We discuss these results further in §6.
Partially Dissociative J-shocks
The partially dissociative J-shock model was proposed by Brand et al. (1988) to explain the ankle-like curve of H 2 level population (see Burton et al. 1989 for details on the model). In this model, it is assumed that H 2 gas survives the J-shock jump ( 25 km s −1 , Hollenbach & McKee 1980) , and cools behind the shock front. The postshock temperature covers T 3 × 10 4 K, for which the maximum corresponds to a shock velocity υ sh ∼ 25 km s −1 (Hollenbach & McKee 1979) . The level populations for the surviving H 2 gas behind the shock are determined by the cooling function, which depends on the temperature and the density of the postshock gas. The semi-analytical model only includes H 2 cooling (line and dissociational) and CO line cooling, and has two free parameters to adjust: the pressure (P ) and the fractional CO abundance, X CO ≡N(CO)/N(H 2 ). The expected IRC colors at different (P , X CO ) are shown as open circles (•) in Figure 9 . Extinction is also included in modeling the IRC colors, as in §5.1, adopting N(H)= 3.5 × 10 21 cm −2 . We vary X CO from 0 to 10 −4 and varied P from 10 3 cm −3 K up to 10 11 cm −3 K. In comparison, Burton & Haas (1997) obtained the best fit to mid-infrared H 2 observations toward Orion Molecular Cloud Peak 1 for P = 8 × 10 10 cm −3 K. Figure 9 shows that none of these model parameters falls within the observed color range for any of the three regions in HB21. The closest correspondence is for the N2front, with the parameters (P , X CO )=(∼ 10 11 cm −3 K, ∼ 10 −6 − 10 −5 ); this pressure is higher than that expected in SNRs, as we now show. The shock velocity needs to be less than 25 km s −1 for the H 2 to survive. It is also known that n(H 2 )∼ 10 3 cm −3 for the N2 cloud . Hence, the postshock pressure (∼ ρv 2 ) of the remnant would be ∼ 10 8 cm −3 K, about 1000 times smaller than the derived value, ∼ 10 11 cm −3 K, above. Moorhouse et al. (1991) and Chevalier (1999) showed that the postshock pressure can be higher than the ambient pressure, when the radiative shell of the remnant collides with dense molecular clumps; however, it is only a factor of ∼20 higher. There is also the possibility that the postshock H 2 gas does not cool as low as a few hundred K. In this case, the lower temperature H 2 gas would be absent, causing the IRC colors to move towards the upper-right direction in the color-color diagram (Fig. 7) to bluer colors. Thus, this could not explain the discrepancy between the model and the observations. Overall, a partially dissociative J-shock does not seem to be a suitable model to explain the observed IRC colors.
Non-stationary C-Shocks
The non-stationary C-shock model describes the temporal evolution of a shock-cloud interaction after the collision. Chieze et al. (1998) showed that the non-stationary C-shock model possesses both J-and C-shock characteristics around an evolutionary time of ∼ 1, 000 yr, before the steady state has been achieved. Cesarsky et al. (1999) showed that the modeled H 2 level populations can be applicable to observations of the shock-cloud interaction region in the SNR IC443. We obtain the H 2 line intensity of five pure rotational lines, S(1)-S(5), modeled for a shock velocity υ sh = 25 km s −1 , a preshock hydrogen nuclei density n H =10 4 cm −3 , where n H =n(H)+2n(H 2 ), and a preshock magnetic field B = 100µG at the evolutionary times of (1.25, 1.50, 2.00, 4.00)×10 3 yr, from the results of Flower & Pineau des Forêts (1999); this preshock density n H is a little higher than that expected for Cloud N of HB21, n(H 2 ) 10 3 cm −3 ). The expected IRC colors for these models are overplotted as filled circles (•) on Figure 9 . As the time elapses, the steady state C-shock is reached, and the expected color approaches that of isothermal gas; this is consistent with the result that the shocked gas behind a C-shock can be treated as an isothermal and isobaric slab of gas (Neufeld et al. 2006 ). Figure 9 shows that none of the expected colors overlaps with the observed IRC colors. However, when considering the age of HB21, ∼ 7, 000 yr, the elapsed time after the shockcloud collision may be less than ∼ 1, 000 yr. Besides, the model parameters predict the postshock n H to be ∼ 10 5 cm −3 , which is 100 times higher than derived from the shocked CO gas, n(H 2 ) ∼ 10 3 cm −3 . Hence, it would be worth examining the IRC colors at earlier times ( 1, 000 yr) and with a lower preshock n(H 2 ) density (< 10 4 cm −3 ). One way describing the non-stationary shock at such early times was developed by Lesaffre et al. (2004) . However, predictions for the H 2 line emission from this model are not yet available, so this conjecture cannot be tested.
Discussion
As shown in §5, only the power-law admixture model can explain the observed IRC colors at the N2clump and the N2front; the other three models-the planar C-shock, the partially dissociative shock, and the non-stationary C-shock-can not simply reproduce the observed colors. Hence, here we discuss the derived parameters for the power-law admixture model, based on two pictures of the shock-cloud interaction, in a bow and in a clumpy medium. Additionally, we here comment on the adopted OPR value. Since no information on the actual OPR is available at the moment, we assumed OPR=3.0; thus, the three parameters derived can be changed according to the adopted OPR.
Nature of Molecular Shocks Seen in the Mid-Infrared

Bow Shock Picture
Recently, Neufeld & Yuan (2008) showed that values they derived for the power-law index b, 3.0-6.0, in their power-law admixture model can be explained by paraboloidal bow shocks (i.e. a geometrical combination of planar C-shocks). They derived a power-law index b ∼ 3.8 for a paraboloidal bow shock, when the H 2 survives the shock (i.e. T 4, 000 K). They argued that if some bow shocks have a maximum shock-velocity which is too small to fully cover the temperature range ( 4, 000 K), then the spatially averaged value of b will be higher than 3.8. In this model, higher-T H 2 gas originates near the apexes of the bow shocks, while lower-T H 2 gas originates from the wakes of the bow shocks, since the shock velocity (the normal to the bow shock surface) decreases from the apex to the wake.
Our derived b-values (∼ 3), somewhat lower than 3.8, can be understood within the bow-shock picture as follows. If the bow shock has a cycloidal shape (cf. Fig. 4) , squashed enough along the axis of symmetry, the relative size of the slow shock-velocity portion of the bow will be decreased in comparison to the paraboloidal case. This will decrease the amount of the lower-T H 2 gas, leading to a lower power-law index b. The cycloidal feature surrounding the N2clump may imply this possibility, although the feature seems to locate behind a compact clump rather than ahead of it as the bow shock should be (see Fig. 5 ). The N2front does not show any bow-shock-like features in the IRC and WIRC images (cf. Fig. 5 ). In this case, the derived b value can be understood in the bow shock picture if the bow shocks are unresolved. However, this leads to a problem associated with the size-scale for the bow shock.
The distance to HB21 is known to be ∼ 0.8 − 1.7 kpc (Leahy 1987; Tatematsu et al. 1990; Byun et al. 2006 ) and the imaging resolution of the Palomar WIRC H 2 image is ∼ 1.2 ′′ (cf. §2.2). This angular size means that the bow shock must be hidden within a length scale of ∼ 0.01 pc ∼ 3 × 10 16 cm. This length is comparable to the width of a single planar C-shock, propagating into a molecular cloud of preshock density n H ∼ n(H 2 ) ∼ 10 3 cm −3
(e.g. Draine et al. 1983; Timmermann 1998; Wilgenbus et al. 2000) . Since a bow shock is a geometrical combination of planar shocks, this scale is too small to hide the bow shock. In other words, the observed color ratios and the uniform-and-elongated appearance of the N2front suggest that all the H 2 gas, with 100 T 4, 000 K, must be mixed within a length scale ∼ 0.01 pc, however, a bow shock, with a preshock density n H ∼ 10 3 cm −3 , is unable to mix H 2 gas of such temperatures within such a length scale.
The bow shock picture has an additional difficulty in supplying the preshock H 2 gas. In the outflow case, for which the bow shock picture was first proposed (Smith et al. 1991) , the preshock H 2 gas is supplied from the interstellar medium (ISM), which spreads far upstream; hence, the preshock H 2 gas may be continuously supplied to the bow shock front. On the other hand, in the SNR case, the preshock H 2 gas is mainly supplied from the swept-up molecular gas, which only spreads a finite distance upstream. Hence, the amount of preshock H 2 gas may be insufficient to develop the steady-state bow shock, in the SNR environments.
Shocked Clumpy ISM Picture
The derived model parameters for the power-law admixture model may be understood under a shocked clumpy ISM picture. When a clump is swept up by a planar shock, a deformation of the clump is expected. Indeed, from numerical simulations, it was shown that such a deformation bring about a cycloidal tail when a smooth-edge clump is swept up. For example, Nakamura et al. (2006) and Shin et al. (2008) showed the formation of a cycloidal tail for a non-magnetized and magnetized clump, respectively. Their collision conditions are the same; the Mach number of the shock and the density contrast of the cloud relative to the intercloud medium are both 10. As is evident, the shapes of these tails are very similar to the cycloidal feature seen in the N2clump (see Fig. 5 ).
In view of this similarity, we conjecture the following picture. If the conditions for the shock-cloud interactions at the N2front and the N2clump are similar except for the clump size, the resultant excitation of the H 2 will also be similar. Under this assumption, this is quantified by the parameters n(H 2 ) and b of the power-law admixture model. Then, two observational results for the N2clump and the N2front that are not clearly explained in the bow shock picture are now simultaneously explainable. First, the similar power-law index b ∼ 3 results from the similar collisional conditions. Second, the different appearances (filamentary vs. clumpy) results from the physical size of the shocked clump. In this picture, the size of the clumpy ISM at the N2front must be less than ∼ 0.01 pc ∼ 3 × 10 16 cm, to be unresolved in the WIRC H 2 υ = 1 → 0 S(1) image (Fig. 5) . Suggestively, this size is comparable to that of a shocked clump, proposed by Chevalier (1999) to explain the high velocity molecular gas of low column density, observed in the SNR IC443.
However, this picture also has a issue related with the very linear shape of the N2front seen in the H 2 υ = 1 → 0 S(1) image. If numerous unresolved-clumps exist in the N2front, the overall appearance may be wriggly since the shock would propagate further at the less dense regions, as shown in the simulation of Patnaude & Fesen (2005) . One possible explanation is that the size of clump is so small (<< 0.01 pc) that the expected wriggle is also unresolved in the H 2 υ = 1 → 0 S(1) image. However, it is uncertain whether the cycloidal tail would be formed in such a small scale.
H
The observed mid -infrared IRC colors are well explained by a power-law admixture model of H 2 gas temperature (cf. Fig. 7) . The dominant emission lines in the IRC S7, S11, L15 bands are five pure-rotational lines, υ = 0 → 0 S(1)-S(5). In order to examine whether this model can also explain the shock seen in the near -infrared, we compare the predicted H 2 υ = 1 → 0 S(1) intensity from the derived parameters-n(H 2 ), b, and N(H 2 ; T > 100 K)-to the observed intensity. The observed and predicted H 2 υ = 1 → 0 S(1) intensities are listed in Table 2 and 3, respectively. As is evident, the observed intensities are a factor of ∼ 33 and ∼ 17 larger than the predicted intensities, for the N2clump and the N2front, respectively.
One simple explanation for this disagreement is the existence of additional H 2 gas, whose temperature and density are both high, but whose column density is low enough to have negligible effect on the mid-infrared line intensities. To compensate for the deficiency of the H 2 υ = 1 → 0 S(1) intensity requires N(v = 1, J = 3) ∼ 10 11 cm −2 . Hence, for example, if there is additional H 2 gas present, in LTE with T ∼ 2000 K and N(H 2 ) ∼ 10 13 cm −2 , both the mid-infrared IRC colors and the near-infrared H 2 υ = 1 → 0 S(1) intensity can be understood. A compact, unresolved shocked cloud is a candidate for producing such H 2 emission.
Another explanation was proposed by Neufeld & Yuan (2008) , who encountered a similar disagreement between mid-and near-infrared line intensities in their observations for the SNR IC443. They analyzed the four Spitzer IRAC band data (3.6, 4.5, 5.8, and 8.0 µm) with a power-law admixture model, and found that the derived n(H 2 ) is ∼ 10 6 cm −3 when the 3.6 µm band data are not used, while it is ∼ 10 7 cm −3 when the 3.6 µm band data are used. The 3.6 µm band is dominated by the v = 1 → 0 rovibrational lines, while other bands are dominated by pure rotational lines. Taken together, this implies a density that is higher when derived from rovibrational lines than when it is derived from pure rotational lines. Neufeld & Yuan (2008) , however, argued that this disagreement may be caused by the omission of collisions with hydrogen atoms in the power-law admixture model. They noted that the cross section for excitation by H is several orders of magnitude greater for rovibrational transitions than it is for pure rotational transitions (see Table 1 and Figure 1 in Le Bourlot et al. 1999) . Hence, with only a small fraction of H, n(H)/n(H 2 )∼ 0.025, the rovibrational transition can be dominated by collisions with H, rather than with H 2 , in the temperature range 300-4000 K. Indeed, such a fraction of n(H)/n(H 2 )∼ 0.025, which corresponds to n(H)/n H ∼ 0.012, is expected in interstellar clouds with n(H 2 ) 10 3 cm −3
(see Table 1 and Figure 1 in Snow & McCall 2006) . Also, as Neufeld & Yuan (2008) noted, some theoretical models for shock waves (e.g. Wilgenbus et al. 2000) suggest that significant atomic hydrogen abundances can be achieved behind shocks that are fast enough to produce H 2 at temperatures of a few thousand K. Since we also omitted collisions with H in the power-law admixture model, the higher than expected H 2 υ = 1 → 0 S(1) intensity might be understood in this way.
Conclusions
We observed the shock-cloud interaction region in the SNR HB21 at near-and midinfrared wavelengths, with the WIRC at the Palomar telescope and the IRC aboard the AKARI satellite. The IRC S7, S11, and L15 band images and the WIRC H 2 υ = 1 → 0 S(1) image reveal similar diffuse features, such as a blast wave, a bow shock, and a shocked clump. We chose three representative regions-N1wake, N2clump, and N2front-and analyzed their infrared characteristics with several different shock models, on the basis that H 2 emission lines are the radiation source of the shock-cloud interaction features.
We found that the IRC colors are well explained by an admixture model of H 2 gas temperatures, whose infinitesimal column density varies as dN ∼ T −b dT . Three physical parameters-n(H 2 ), b, and N(H 2 ; T > 100 K)-were derived from this thermal admixture model (see Table 3 ). The derived b value (∼ 3) can be understood by a bow shock picture, whose shape is cycloidal rather than paraboloidal. However, the bow shock interpretation has a size-scale problem for the N2front, because the observations require that the bow shock be hidden within ∼ 0.01 pc ∼ 3 × 10 16 cm, to be unresolved in the WIRC H 2 υ = 1 → 0 S(1) image (Γ ∼ 1.2 ′′ ); this scale is smaller than the expected size of bow shocks. Instead of the bow shock picture, we propose a shocked clumpy ISM picture to simultaneously explain the obtained model parameters and the mid-infrared appearances. To confirm this picture, more robust theoretical studies and observations are required. We also compared the observed H 2 υ = 1 → 0 S(1) intensity to the predicted intensity from the power-law admixture model. The observed H 2 υ = 1 → 0 S(1) intensities are a factor of ∼ 17 − 33 greater than the predicted ones. This excess might be caused by either an additional component of hot, dense H2 has (which has low total column density), or through the omission of collisions with hydrogen atoms in the power-law admixture model (which results in an under-prediction of the near-IR line intensity).
This work is based on observations with AKARI, a JAXA project with the participation of ESA. The authors thank all the members of the AKARI project. Also, the authors thank the referee for all the comments which make this paper clearer. J.H.S thanks JiHyun Kang for her helpful comments on the analysis. H.G.L acknowledges the partial support of the Korea Science and Engineering Foundation to the Astrophysical Research Fig. 2. -Regions observed by AKARI. The IRC pointing-observation regions ("Cloud N" and "Cloud S") are overlaid as two boxes on the 1420 MHz radio continuum image of HB21, obtained by using the synthesis telescope at the Dominian Radio Astrophysical Observatory. The Palomar WIRC observations were performed toward a similar region. In this paper, we present the Cloud N data. The 1420 MHz radio continuum image is kindly provided by T. L. Landecker. (Tatematsu et al. 1990) , 12 CO J = 2 → 1 230.583 GHz , and H 2 υ = 1 → 0 S(1) 2.122 µm images. The peak positions ("N1" and "N2"), where broad CO molecular lines were observed, are indicated with a '+' over all images (cf. Koo et al. 2001) . Bright point-sources were simply masked out, as the white circles indicate in the upper six panels. The RGB image is composed of L15 (R), S11 (G), and S7 (B) band images, i.e. 15 µm + 11 µm + 7 µm. All colors scale linearly, and fully cover the dynamic range of the diffuse features. The three regions selected for study are overlaid on both images: N1wake, N2clump, and N2front. The area defined by a black-or-white solid line is the source, while the area defined by a black-or-white dashed line is the background. Circular areas around possible point sources were excluded during the intensity measurement to avoid possible contamination. These areas are indicated as black-or-white circles with a red slash. Bright point-sources are masked out, and their positions are indicated by green circles with black shading. The area outlined with a yellow polygon excluding yellow circles with a red slash is the sampled area for the scatter plots between the IRC and WIRC images (cf. Fig. 6 ). Brand et al. 1988; Burton et al. 1989 ) and the non-stationary shock model (filled circles, •, Chieze et al. 1998; . The axes represent the ratio of the intensities in the corresponding IRC bands. The data points are shown by the indicated symbols in the legend. The connected open-circles have the same fractional CO abundance to N(H 2 ), X CO ; the four lines correspond to X CO = 0, 10 −6 , 10 −5 , 10 −4 , from left to right. The pressure increases from 10 3 cm −3 K to 10 11 cm −3 K, by a factor of 10 2 , along each line. Some points overlap near that for P = 10 3 cm −3 K. The annotations near the filled circles indicates the time passed in the non-stationary shock model. a Defined as where the responsivity is larger than 1/e of the peak for the imaging mode. See Onaka et al. (2007) . Note. -The three regions are indicated in Figure 5 . The upper limits are 90% upper confidence limits. 
